Abstract. We present an electron-cyclotron-resonance plasma source with a biased sample holder that is well suited for the implantation of deuterium ions into tungsten. Achievable energies range from several eV up to 200 eV per deuteron. The deuterium ion fluxes from this plasma source were thoroughly quantified with a retarding field analyser and a plasma monitor, i.e. an energy resolving mass spectrometer. We present the results of these measurements for different microwave input powers, D 2 gas pressures and sample bias settings. Typical achievable deuteron fluxes are of the order of 10 19 to 10 20 D m −2 s −1 and are predominantly carried by D + 3 ions. Additionally, an attempt to quantify the flux of neutral deuterium atoms to the sample surface is presented.
Introduction
Plasma discharges are widely used in technical processes such as surface modification and thin-film deposition and etching.The quantitative characterisation of plasma sources is a topic of particular importance for a fundamental understanding of plasma sources as well as for a technological optimisation of processes. Hydrogen plasmas play a certain role in technical discharges so that a precise determination of the absolute hydrogen fluxes to a plasma-treated surface is very desireable. This is important for understanding both the discharge mechanism and the plasma-induced processes at the surface. Hydrogen plasmas are frequently used for erosion of carbon and carboncontaining films. In particular in fusion research, erosion of carbon surfaces due to interaction with the hydrogen isotopes from the fusion plasma is an important plasmasurface-interaction (PSI) process [1] . In recent years, interest in fusion PSI research has shifted to the interaction of hydrogen isotopes with tungsten materials because tungsten is a promising candidate as a first wall armor material in fusion devices. An issue of significant importance is to investigate the retention of hydrogen isotopes in tungsten. Especially the radioactive tritium which will be used as fuel for the fusion reaction is a potential hazard [2] . Retention is often studied by implanting tungsten samples with a deuterium ion beam. This allows to select a single ion species with a well defined kinetic energy [3, 4] . Ion beams usually have a distinct beam profile and a rather limited size. Furthermore, the ion flux is inhomogeneous near the edges of the implantation spot as shown by [5] . This leads to some difficulties for the subsequent analysis of the deuterium inventory. For example, in nuclear reaction analysis, which is in most cases used to determine the implanted deuterium depth profile, it is not trivial to assure that the measurement spot hits the center of the implantation spot. In thermal desportion spectroscopy (TDS), which is often used to measure the total deuterium inventory, the signal is determined by the total implanted amount and, therefore, proportional to the irradiated sample surface. Because TDS often suffers from low signal-to-noise ratios it would be much more convenient to have larger samples with laterally homogeneous implantation. Another challenge with ion beam implantation setups is that at low ion energies the ion flux becomes very low due to space charge limitation leading to unacceptably long exposure times to accumulate relevant deuterium fluences of up to the order of 10 25 D m −2 on the sample.
High fluxes at low ion energies can be achieved by exposing the samples to a lowtemperature plasma. A much larger area can be exposed in order to achieve larger TDS signals. If sufficient lateral homogeneity of the plasma is given, even multiple samples can be implanted simultaneously. This allows comparing the retention behaviour of different sample types under exactly the same conditions. Furthermore, the energies of ions extracted from a plasma can be easily reduced to the sheath potential without a strong reduction in flux. Energies as low as a few eV can easily be achieved in this way. Such low energies at high fluxes are not possible with ion beam set-ups, but are prevalent in the so-called detached divertor operation regime of present day and future fusion experiments [2] . Co-implantation, e.g. of deuterium and helium, can also easily be realised using a plasma source without the need for a complicated dual ion beam set-up. On the other hand, there is usually a broad spectrum of ions and reactive neutrals emanating from a deuterium low-temperature plasma. In contrast to an ion beam, the particle species from a plasma source cannot be separated. Furthermore, impurity ions, which can be easily suppressed in ion beams, may be present in the plasma flow. This makes the quantification of these species much more complex than for an ion beam experiment. Despite this complexity, the exposure of samples to a low-temperature plasma resembles more closely the conditions in the divertor region of a fusion experiment [2] and is therefore desirable.
An existing plasma source with a biased sample holder ('PlaQ') was thoroughly characterised. A set of suitable operating parameters for deuterium operation was determined, with focus on good long-term stability and reproducibility. For these parameters, the absolute flux as well as the mass and energy distribution of the impinging ions was then quantified. In addition an attempt to determine the flux of atomic deuterium is presented.
Experimental

Plasma source
The plasma source PlaQ (see Fig. 1 ) is a remote electron-cyclotron-resonance (ECR) discharge with a biased sample holder. The magnetic field necessary for the electron cyclotron resonance is created by a single magnetic coil. The microwaves from a magnetron with P max = 1200 W and f = 2.45 GHz are coupled into the vacuum vessel from the high B field side by a waveguide terminated by a quartz window. The plasma is confined to a cylindric steel mesh cage with a height of 15 cm and a diameter of 14 cm. The bottom of the cage is made of a solid steel plate with a circular aperture (diameter: 5 cm). Through this aperture a freely expanding plasma beam reaches a sample holder. A wide mesh tungsten grid in the aperture (grid spacing approximately 1 cm) shields the samples from the microwave radiation. The distance between the aperture and the sample holder is 10 cm. The whole sample holder (diameter: 7.0 cm) is homogeneously irradiated. The lateral homogenity of the plasma beam was tested by eroding amorphous hydrogenated carbon thin films. To assure good thermal contact, samples are clamped to the substrate holder by screws. Because of that, no load lock chamber or sample transfer is installed, but the whole plasma chamber is vented with nitrogen in order to insert or remove samples.
Typically, a base vacuum of better than 10 −4 Pa can be reached within 4 hours after a sample change. The base vacuum is in the order of 2 to 3 · 10 −5 Pa and is typically reached after approximately 12 hours of pumping.
The plasma beam can be blocked with a shutter underneath the ECR cage aperture to allow for a burn-in time of the plasma without exposing the sample to the beam. This is necessary because the ECR cage heats up to approximately 400 K due to interaction with the plasma over a time of approximately 30 minutes. During this time, the surface of the cage is cleaned of adsorbed impurities as measurements with a residual gas analyser have shown (see section 2.2). The burn-in phase is accompanied by an increase in the total light emission from the plasma (see section 2.2). Once the light emission has reached a saturation value, the plasma conditions are stable on the timescale of an implantation run (typically between 1 hour and 3 days).
The sample holder is electrically isolated from the vacuum chamber and can be biased up to -600 V by a DC power supply for electrically conductive samples (i.e. tungsten). For electrically insulating samples or samples with an insulating coating, DC biasing cannot be used because this causes arcing. In this case, the bias is produced by a supplementary asymmetric capacitive RF discharge. However, here we only present the ion fluxes for DC biasing.
For temperatures between room temperature and 450 K, an open circuit thermostat with silicon oil is used to stabilize the sample holder temperature. In this case, the sample holder and its support structure are made of copper and a boron nitride insulator is used in order to maximize the heat conductivity between the sample and the heat sink. For higher temperatures up to 1000 K, the sample holder is radiation heated by a BORALECTRIC R heater element ‡. In this set-up the copper parts are replaced by stainless steel and a glass ceramic insulator is used to minimize heat losses by thermal conductivity.
Standard diagnostics
During the implantation procedure, a number of operating parameters of the plasma source are monitored, namely the sample holder temperature, the total plasma light emission, the magnetic field coil current, the forward and reflected microwave power and the gas pressure, the sample holder bias and in DC mode also the resulting electrical current.
The sample holder temperature is measured independently by a thermocouple that is pressed against the sample holder from below and by a microbolometer infrared camera that directly measures the temperature of the plasma-facing surface. The total plasma light emission is measured by a broadband silicon photo diode whose line of sight goes through the ECR cage from the side as depicted in Fig. 1 . It serves as an indicator for the reproducibility and stability of the ECR discharge. As will be shown below, the stability and reproducibility of the ion flux can be qualitatively monitored during DC operation by measuring the electrical current to the sample holder. The bias voltage during RF biasing is measured by using a low pass filter that only allows the DC component to pass. Microwave power, coil current and gas pressure are recorded for maintenance purposes. ‡ Distributed by tectra GmbH, Reuterweg 65, D-60323 Frankfurt/Main
For monitoring the impurity concentration in the vacuum chamber, a residual gas analyser with a quadrupole mass spectrometer is connected to the plasma chamber. It is installed in a differentially pumped chamber 1.5 m away from the plasma chamber to minimize disturbance from the magnetic field. Because of that long tube with 35 mm inner diameter it can only measure stable neutrals. During plasma operation (plasma pressure typically larger than 10 −1 Pa) neutral species can be sampled through an orifice 50 µm in diameter to meet the low pressure (< 10 −4 Pa) requirements neccesary for the residual gas analyser. This system is used, for example, to monitor the pumpdown procedure after installing new samples, to trace impurity release during the burn-in time of the plasma, or to monitor volatile erosion products. Fig. 2 shows an example for a measurement of impurity levels during a typical pumpdown and plasma operation sequence. The monitoring of these various operating parameters has proven that the implantation process is stable over extended periods of more than 60 hours and can be accurately reproduced from experiment to experiment.
Retarding field analyzer
For the absolute quantification of the mass-integrated ion flux to the sample holder and the energy distribution of the ion flux, a retarding field analyzer (RFA) was used (Fig. 3) . It was installed in the vacuum chamber instead of the sample holder and consists of a mock-up sample holder with a 100 µm aperture to which the bias voltage V R is applied. Behind the aperture three gold grids with known transparency and a cup-shaped collector electrode are mounted. The whole electrode system is differentially pumped in order to minimise collisions of the ions with residual gas molecules. The first grid ('repeller') is biased with the repeller voltage V R = −54 V relative to the sample plate mock-up in order to repel electrons from the plasma. The following two grids serve as an energy discriminator for the ions and are set to a variable positive potential V D with respect to ground potential. The collector electrode is set to the same potential as the discriminator grids in order to minimise the amount of secondary electrons escaping from the collector. The current I C to the collector electrode is measured as a function of V D by a Keithley Model 6517A electrometer. For singly charged ions (i.e. all positive hydrogen ion species), the collector current I C (V D ) is given by the integral function
with γ E (E) being the differential flux density of ions per energy interval and A the area of the 100 µm aperture. The derivative dI C /dV D is therefore proportional to γ E (E). An example is presented in Fig. 4 . It should be noted that γ E (E) is not equivalent to the ion energy distribution f E (E) = dn i (E)/dE (n i being the ion density), but closely related to the ion velocity distribution f v (v ) = dn i (v )/dv [6] . In fact, γ E (E) is essentially a rescaling of the quantity v · f v (v ) to units of energy instead of velocity. However, f v (v ) is not the most intuitive quantity to describe an implantation experiment. The differential ion flux density γ E (E) is better suited to this purpose because it directly reflects the flux of ions impinging on the sample with a certain kinetic energy.
During RFA measurements, the current to the mock-up sample holder was also measured. This current turned out to depend linearly on the ion flux for a fixed sample holder bias voltage. It can, therefore, serve as an easily measurable quantity that allows to monitor the ion flux during implantations. This is discussed in more detail in section 3.4.
Plasma monitor
The mass distribution of the ions impinging on the sample holder was measured with a plasma monitor (Model HIDEN EQP 300). Similar to the RFA set-up a mock-up sample holder was installed instead of the real sample holder. In order to shield the plasma monitor from the magnetic field necessary for the ECR discharge, the mock-up sample holder was constructed from soft iron. An additional soft iron shielding cylinder was placed around the ion optics of the plasma monitor. The plasma monitor is differentially pumped in order to maintain a pressure of about 10 −7 to 10 −6 Pa during operation. The aperture in the mock-up sample holder is only 10 µm in contrast to the 100 µm aperture that was used in the RFA set-up. The measurement system of the HIDEN EQP consists of ion extraction and focusing optics, a 45 • electrostatic energy analyser and a quadrupole mass spectrometer with a channeltron detector operating in single ion counting mode. Because the absolute flux of ions and its energy distribution are more reliably measured with the RFA, the plasma monitor signal is integrated over the whole ion energy range to derive only the relative abundance of each ion species. This is permissible since the signals for D + , D 
Results
Power variation
The microwave input power for the ECR plasma was varied between 60 and 180 W at a constant D 2 gas pressure of 1.0 Pa. For powers lower than 60 W the plasma could not be maintained, and for powers significantly higher than 180 W the temperature of the ECR cage and the vacuum vessel near the cage exceeded safety limits after approximately 30 minutes. The power variation series were measured with the sample holder at floating potential and with an applied DC sample holder bias of V B = −200 V. The differential ion flux distribution γ E depends strongly on the microwave input power and exhibits bi-and even trimodal shapes for powers below 130 W. Above this value however, γ E is independent from the microwave power and approximately monomodal. This is also the case for a biased sample holder.
Based on these results, 144 W was chosen as the operating point for all future measurements and implantations in order to make the discharges and the ion flux robust against small fluctuations of the microwave power.
Pressure variation
The D 2 gas pressure was varied between 0.3 and 6.0 Pa at a constant microwave power of 144 W. As for the microwave power variation in section 3.1, two series were measured, one with the sample holder at floating potential and one with a DC bias of V B = −200 V. Fig. 6 shows the the combined result of the RFA and plasma monitor measurements as a function of the gas pressure for a floating sample holder. The total deuteron flux decreases by nearly two orders of magnitude from 1. 
This reaction has a very high cross section for the near-thermal ion energies that are typical for low-temperature plasmas. Since this is a reaction with the neutral D 2 gas, it becomes more efficient for higher pressures. Ion-molecule reactions of D + and D + 3 with D 2 become relevant only at ion energies of more than 10 eV [9] and can thus be neglected for our conditions. Therefore, the gas pressure influences above all the balance between D Taking all that into account, a pressure of 1.0 Pa is a good compromise for deuterium implantations. On the one hand, the total deuteron flux is high enough to allow the accumulation of large fluences within a reasonable implantation time. On the other hand the ion flux is clearly dominated by a single ion species (i.e. D cooling capacity of the sample holder. However, it has to be kept in mind that varying the pressure changes the ion species composition as well as the plasma potential, which affects the energy per deuteron for a given bias potential. . The largest part of this variation takes place between floating potential and a DC bias of V B = −100 V. For V B ≥ −300 V the total deuteron flux saturates although the peak value of γ E decreases slightly. This is accounted for by a slight broadening of the ion flux distribution. For floating potential, the FWHM is 3.9 eV while for -600 V it is 6.6 eV. It should be noted however that the peak shape is not Gaussian, but slightly asymmetric and has shoulders at higher and lower energies that lead to a width at the base of the distribution between 15 and 20 eV. The ion species composition determined by plasma monitor measurements was approximately the same for all values of V B . This shows that there are no or only very few collisions in the sheath region where the ions are accelerated. The lowest ion energy achievable for the chosen parameter set is 15 eV or 5 eV per deuteron, respectively. In addition, one can see in Fig. 7 that the maximum of the ion flux distribution is always at a slightly higher energy than the applied bias value. This difference is due to the plasma potential defined by the chosen pressure and microwave power. The fact that this difference is nearly independent from the applied bias voltage proves the successful decoupling of the ion energy from the plasma generation. 
Bias variation
Sample holder current
For any DC bias other than floating potential, the current to the sample holder can be measured. The ion flux density corresponding to this current can then be compared to the ion flux density measured by the RFA. It turned out that the current measurement delivers identical flux density values as measured with the RFA for a sample bias just above floating potential, but systematically larger values with increasing bias. This increasing deviation can be explained by secondary electrons emitted from the sample holder surface due to the impact of energetic ions. An emission of a negative charge carrier cannot be distinguished from the impact of an additional positively charged particle. Increasing secondary electron emission, therefore, results in an apparent increase of the sample holder current. At constant bias, however, the sample holder currend turned out to be in good approximation proportional to the ion flux during variations of the D 2 gas pressure and the microwave power. This is illustrated in Fig. 8 for a pressure variation at -200 V bias. The value from the sample holder current measurement is proportional to the RFA value, but systematically 1.5 times higher due to secondary electron emission. Because of this proportionality the sample holder current can be used for real-time monitoring of the total ion flux during deuterium implantations.
Neutral deuterium atom flux
Although the atoms are in contrast to the ions not accelerated in the sheath their chemical reactivity is high. In addition to the fact that they alone may cause reactions at the surface it is well known that synergistic effects can take place if atomic and ionic species interact with surfaces simultaneously [10, 11, 12, 13, 14] . Especially at low ion energies the so-called chemical sputtering [14] sets in where the erosion yield can be much larger than the yield expected for the neutral and ion species alone. This was clearly demonstrated for the erosion of hydrocarbon films [10, 11, 12, 13] . In the case of metals such as W chemical sputtering can be excluded, but for retention studies in particular at low bias voltages deuterium atoms might considerably contribute to the observed effects. It is, therefore, important to assess the fluxes of atomic deuterium. In fact very different dissociation degrees were reported in literature. For a GEC cell with steel walls Chérigier et al. [15] reported dissociation degrees in the range of 1 to 5 % for capacitively coupled RF plasmas (13.56 MHz) in pure hydrogen (pressure range 25 to 85 Pa). Jolly and Booth found for a capacitively coupled RF discharge in hydrogen at 133 Pa a dissociation degree of 0.005. For microwave discharges in hydrogen/helium mixtures at 12 Pa density ratios of H/H 2 between approximately 0.01 and 0.2 for varying H 2 concentrations in He between 3 and 90 % are reported in [16] . This illustrates that the dissociation degree and with it the absolute hydrogen flux reaching a surface can vary largely for different discharges.
But compared with the ion flux, the flux of atomic deuterium is difficult to measure. One approach is optical emission spectroscopy [17] , but requires significant effort for an accurate intensity calibration of the spectrometer as well as an optical system with a good spatial resolution. Other quantitative optical methods like TALIF [18, 15, 19] are far too elaborate to be applied here. An attempt to measure the flux of atomic hydrogen with ionization threshold mass spectrometry with the plasma monitor failed because of the huge background of molecular hydrogen which raises the detection limit.
We use here an alternative method initially suggested to quantify thermal atomic deuterium beams [20] . The method is based on the erosion of a plasma-deposited amorphous hydrogenated carbon thin film (a-C:H). From the known erosion yield and the measured erosion rate the absolute particle flux can be determined because the density of the eroded film is known [21] . But application of that method in a plasma environment is not straightforward, because due to synergistic interactions the erosion rates of the individual species fluxes cannot simply be added [10, 11] . However, with the absolutely determined ion fluxes from the retarding field analyser and the ion flux composition determined with the plasma monitor the atomic flux can be estimated. This is done by assuming reasonable yields for the ion species, calculating therewith expected rates based on the measured ion flux and comparing the result with the measured rates. Any erosion exceeding the expected value can then be attributed to the deuterium atom flux.
The result of such measurements is shown in Fig. 9 . Dense a-C:H films with a H content of about 30 % [21] were plasma deposited in-situ on single-crystalline silicon substrates by a methane capacitively coupled RF discharge (13.56 MHz) applying a self-bias voltage of -200 V. In the following the films were eroded by a deuterium ECR plasma. During erosion the substrate was kept at floating potential to minimize sputtering. The microwave input power was again 144 W. Growth and erosion of the film was monitored in real time by in-situ ellipsometry [22] . The measured rate is shown in Fig. 9 in logarithmic scale as a function of plasma pressure for two sample temperatures. For both temperatures, the rate drops by about a factor of 20-40 if the pressure is increased from 0.3 to 6.0 Pa. The same qualitative dependence was observed for the total ion flux as shown in Fig. 6 .
In addition to these measured rates, erosion rates were also calculated based on the measured ion flux for three different assumptions about the erosion yields. The first pessimistic assumption is that the erosion yield of a low energy D + 3 ion is as small as the yield of thermal atomic D, which is 3·10 −4 at 310 K and 2·10 −2 at 650 K [13] . Assuming a yield of 3 · 10 −4 the expected erosion rate measured at 310 K is more than three orders of magnitude smaller than the measured one. One would therefore conclude, that the flux of atomic deuterium is three orders of magnitude larger than the ion flux. The more realistic, second assumption is that the erosion yield at room temperature is 4 · 10 −2 as determined by beam experiments with D + 3 ions [23] . With this yield the expected erosion rate measured at 310 K is still one order of magnitude smaller than the measured one as it can be seen in Fig. 9 . If we further assume that the erosion yield of the impinging deuterium atoms remains unaffected by the simultaneously impinging ion flux at 3 · 10 −4 one would infer a flux of atomic deuterium of 4 · 10 −2 /3 · 10 −4 × 10 ≈ 1000 times larger than the ion flux. On the other hand, if we assume that the yield for the atoms is increased due to the simultaneous ion flux to the same yield as that of the ions then we would arrive at a flux of atomic deuterium which is about one order of magnitude larger than the flux of ions. The second calculated curve in Fig. 9 assumes an erosion yield for the ions of 0.1 at 650 K as known from ion beam experiments [23] . With this yield the calculated rate is again about one order of magnitude smaller than the measured rate at 650 K. To estimate the flux of atomic deuterium from this excess erosion we again have to assume an erosion yield for the deuterium atoms. If we make the same assumption as above that the atoms have a yield identical to the yield of the ions, i.e. 0.1, we arrive at a deuterium atom flux which is 10 times higher than the ion flux. But if we assume that the yield for the atoms remains unchanged at 2 · 10 −2 the estimated atom flux would be an additional factor of 50 higher.
We are convinced that assuming for the atoms the identical yield as for the ions is the more realistic choice. This assumption has also be made in the past for ion beam experiments at higher ion energies (E ion ≥ 100 eV) [24, 25] and results independently from the extrapolation of the model devised by Hopf et al. [10, 11, 26] . Basically this assumption means that in the presence of ion bombardment the reactivity of the surface towards reactions with impinging low energy atomic hydrogen atoms is enhanced compared with a surface that is not bombarded. This is the fundamental explanation of the observed synergistic enhancement for chemical sputtering of carbon materials in the presence of atomic hydrogen. In conclusion the measurements show that the flux of atomic deuterium is at least one order of magnitude larger than the deuteron flux delivered by the ions. This conclusion is also supported by an estimation of the molecular flux of atomic deuterium to the sample holder surface which is given by
Assuming that the density ratio of atomic D to molecular D 2 is in the order of 0.01 at the typical operating pressure of 1.0 Pa, and that the gas temperature is approxiately 400 K, Γ D is of the order of 10 21 m −2 s −1 . This is in good agreement with the results of the erosion method presented here. 
Conclusions
The ion flux from the remote ECR plasma source PlaQ was thoroughly quantified for plasma conditions optimised for the implantation of deuterium. A set of operating parameters was found where the source is able to deliver a constant flux of deuterium ions over long timespans. The flux of atomic deuterium was estimated by erosion of plasma deposited, dense a-C:H films. The flux of atomic deuterium is at least one order of magnitude larger than the deuteron flux delivered by the ions.
For the defined standard operating parameters, i.e., a D 2 plasma at p = 1.0 Pa, P MW = 144 W and the sample holder at floating potential, the total deuteron flux in form of ions is 5.6 · 10 19 D m −2 . 94 % of the deuterons are carried by D 
